Abstract Metabolic scaling laws predict a variety of emergent properties of biological systems based on relationships among temperature, body size, and rates of physiological processes. These models have been criticized as being overly simplistic and not accounting for directional variability arising from evolutionary tradeoffs. I measured hatch success and egg development time at six temperatures for 12 populations throughout the latitudinal range of two broadly distributed topminnows (Fundulus). I asked if hatch success and development time differed between the species and northern and southern populations. Hatch success reaction norms suggested that the more broadly (and northern) distributed Fundulus notatus was more eurythermic with a lower optima and broader performance breadth than Fundulus olivaceus. Temperature explained most variability in mass-corrected development time. Development time differed between the species, but not northern and southern populations. Deviations from predictions of universal scaling laws were most pronounced away from specie's thermal optima.
Introduction
Understanding the interaction between temperature and allometric scaling of physiological processes is foundational to ecological theory (Brown et al. 2004) as the described relationships are shared among all life. While the metabolic scaling exponent (0.75) is presented as universal and invariant (West et al. 1997; Gillooly et al. 2002) , critics argue this is an overly simplistic view of systems that involve evolutionary tradeoffs (Clarke and Fraser 2004; Clarke 2006) and that meaningful variability remains unexplained (White et al. 2006) . Ectotherm development time (zygote to hatch) is an ideal system in which to study physiological rates and underlying metabolic processes (Gillooly et al. 2002) . In fishes, there are numerous published datasets describing temperature and development time (Pauly and Pullin 1988; Pepin et al. 1997; Gillooly and Dodson 2000) . However, these datasets do not contain direct measures of mass as this has been inferred from egg diameter (Gillooly and Dodson 2000; Gillooly et al. 2002) . While egg diameter and hatch mass are expected to be correlated, recent work has highlighted that energetic tradeoffs can result in the evolution of alternative growth strategies (Morris et al. 2012 ). Thus, despite it being an ideal system, development time has not been used to rigorously test predictions about rates of metabolic processes.
Metabolic cold adaptation (MCA) is a controversial theory that predicts ectotherms from colder environments will have elevated metabolic rates to compensate for the effects of temperature (countergradient variation) (Lardies et al. 2004; Schaefer and Walters 2010; White et al. 2011) . In this study, I quantified thermal reaction norms in hatching success and development time for northern and southern populations of two closely related species with different latitudinal distributions. Fundulus notatus and Fundulus olivaceus are the two most broadly distributed species in the F. notatus species complex. Both are abundant in coastal drainages along the northern Gulf of Mexico, USA (30°N latitude). F. notatus ranges north into Great Lakes drainages (43°N latitude), while F. olivaceus is only found as far north as the Ozark uplands (38°N latitude) (Schaefer and Walters 2010; Schaefer et al. 2011) (Fig. S1 ). The species broadly co-occur in drainages, with F. olivaceus typically upstream in headwaters and F. notatus downstream in larger streams. Metabolic rate data for these species are consistent with the MCA on the intraspecific (northern populations had higher metabolic rates), but not interspecific (F. olivaceus had higher metabolic rates) level. Given distribution and temperature sensitivity (slope of temperature-metabolic rate reaction norm) (Schaefer and Walters 2010) differences, F. notatus is predicted to be more eurythermic than F. olivaceus.
Material and methods
I collected fish from eight F. notatus populations (range N31.5 to N43.6, Table S1 ) and four F. olivaceus populations (range N31.8 to 37.8). Populations were designated as either northern (north of N37.0 latitude) or southern (south of N37.0 latitude). From each population, I placed four to five spawning groups (two males and three to five females) in 120 L aquaria with an acrylic yarn mop as spawning media. Females of these species will produce clutches of two to ten eggs every few days throughout the spawning period (Vigueira et al. 2008) . Spawning media were checked daily and eggs from each group placed in hatching containers were randomly assigned to a developmental temperature (19, 22, 25, 28, 31, or 34°C) . Containers were checked daily to remove nonviable eggs, change water, and check for hatched larvae. Hatched larvae were preserved in 10 % formalin and later rinsed in water before lyophilizing and measuring dry mass (in milligrams). Mass-specific development time (hereafter development time) was calculated as ln(t/m 1/4 ) (Gillooly et al. 2002) where t is the number of days to hatch and m is hatch mass (in grams). Eggs of these species are large (up to 2 mm diameter) and clear allowing direct observation of developing embryos. Containers for which no embryo was observed (typically within 2 days) were eliminated from all analyses as fertilization could not be verified.
The final response variables analyzed for each container were hatching success and mean development time. Hatching success reaction norms for each species (populations pooled) and northern and southern populations (species pooled) were modeled as a two-parameter Gaussian function (Gabriel and Lynch 1992; Deutsch et al. 2008; Angilletta 2009 ) that yields an optima (z 1 ) and measure of performance breadth (z 2 ), effectively capturing generalist-specialist tradeoffs (Bonebrake and Mastrandrea 2010). I analyzed hatching success (logit transformed) and developmental time using mixed model ANOVA with temperature, species, and region (northern/ southern) as fixed factors and population as a random factor nested within species and region. Significance of fixed effect model terms was calculated with maximum likelihood ratio tests of nested models. All analyses were performed in the R statistical language (R Development Core 2010).
Results
I collected data on 582 containers for the 72 population-temperature combinations (12 populations and six temperatures). Embryo development was observed at all 72 combinations, but there were four for which there were no successful hatches (34°C: Fox River F. notatus, Pearl River and Saline River F. olivaceus; 19°C: Gasconade River F. olivaceus). Larvae from the two F. olivaceus populations that did hatch at 34°C were deformed (kyphosis), something not observed in any F. notatus (n071) at that temperature. For F. notatus, mass was variable among populations (ANOVA, F 7, 370 038.07, P< 0.001; Table S1 ) but not temperature (F 1, 370 01.53, P<0.217), while in F. olivaceus, mass varied among populations (F 3, 156 082.23, P<0.001; Table S1 ) and with temperature (F 1, 156 06.97, P<0.009). F. olivaceus mass was reduced (mean of 22 % reduction) at each population's highest hatching temperature.
Hatching success ranged from 0 % (see above) to 83 % (F. notatus from the Glover River at 28°C). Hatching success optima was 26.5°C (0.81 SE) and 27.9°C (0.95 SE) for F. notatus and F. olivaceus, respectively, and 26.2°C (0.81 SE) and 27.8°C (0.81 SE) for northern and southern populations, respectively (pooling species) (Fig. 1a) . There was a significant difference in hatching success among temperatures and between northern and southern populations ( Fig. 1b and Table 1 ). The only significant interaction was between temperature and region as hatching success did not decline as rapidly at the two coldest temperatures for northern populations (Fig. 1b) .
Average development time ranged from 3.96 (F. notatus from the Glover River averaged 7.2 days at 34°C) to 5.62 (F. notatus from the Angelina River averaged 38.4 days at 19°C). Development time differed significantly by species and by temperature with a significant interaction between these two factors (Table 1) . F. notatus development times were higher at the lower four temperatures, while F. olivaceus development time increased at the two highest temperatures (Fig. 2) . There was no significant effect of region on development time. 
Discussion
While most of the variability in development time was explained by temperature, it was not invariant as predicted by universal scaling laws. Development time results were also not consistent with predictions of the MCA as there were no differences among regions and the species that ranged further north actually had longer development times. The slower development for F. notatus is consistent with reported higher metabolic rates in F. olivaceus (Schaefer and Walters 2010) which is hypothesized to be adaptive to increased sustained swimming in headwater habitats. Thermal optima did follow predicted patterns as northern populations and the more broadly distributed F. notatus had lower optima. F. notatus also had greater performance breadth and higher hatch success (without deformities) at the highest and lowest temperatures. The temperatures used in this study were constant and a number of studies have documented that fluctuating thermal regimes typically decrease development rate (Kingsolver et al. 2009; Du and Shine 2010; López-Olmeda and Sanchez-Vazquez 2011) and alter other aspects of thermal biology (Schaefer and Ryan 2006) . However, there is no expectation of any significant interactions as fluctuating thermal regimes typically have consistent effects across treatments (Fischer et al. 2011) . The shapes of hatch success reaction norms suggest that F. notatus is more eurythermic. F. olivaceus had low hatch success, developmental deformities, slower development, and reduced hatch size at the two higher temperatures (Figs. 1 and 2 ). These effects would be consistent with energy during development being allocated to temperaturerelated stress responses. Sublethal stress encountered during zebrafish development has been shown to irreversibly reduce cardiac output and performance (Hicken et al. 2011) . Variability like this is not inconsistent with universal scaling laws as Gillooly et al. (2002) only used data from "biologically relevant" temperatures where "normal development" occurs. If our data were limited to temperatures near the optima (22-28°C), the relationship between temperature and development time is very similar to Gillooly et al. (2002) . However, underlying assumptions about egg size and hatch size relationships are tenuous without speciesspecific information regarding what temperatures result in normal development. More broadly, complex energetic tradeoffs driven by individual species evolutionary history and ecology may limit application of universal scaling laws.
The temperatures used in this study are commonly encountered by both species during the reproductive season. Reproductive phenology of the species overlaps, evidenced by low levels of hybridization observed throughout the range (Duvernell et al. 2006; Vigueira et al. 2008; Schaefer et al. 2011 ). While hybridization rates are low, isolating mechanisms and ecological differences between the species have been elusive. The distinct thermal ecology of these species (especially during development) may be driving different thermal preferences in seeking mating habitat resulting in thermally mediated reproductive isolation.
